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ABSTRACT 
 
The current paper emphasizes on the effect of internal yarn nesting (shifting) on the 
local structural response, such as, local stress - strain and the local damage of a satin 
weave composite. Detailed study of the variation of the local stress – strain behavior in 
the plies of a satin weave composite leads to the following conclusions: 1) local 
longitudinal strain in the plies of a satin weave composite is not influenced by the 
internal yarn nesting of the adjacent plies (position of the ply in the laminate); 2) local 
transverse stress as well as the weft yarn transverse damage is sensitive to the position 
of the ply in the laminate. 
 
 
1. INTRODUCTION 
 
In order to understand the complex structural deformation behavior of a textile 
reinforced composite, experimental local strain and local damage analysis proves to be 
the valuable techniques. In the perspective of the experimental local strain analysis, 
due to the heterogeneity of textile composites, classical electrical resistance strain 
gauges do not have adequate spatial resolution and only a full-field strain measuring 
technique with high spatial resolution and strain sensitivity can be applied to 
determine local surface strain profiles [1]. The local strain measurements obtained 
from the full-field method will provide a qualitative as well as quantitative 
understanding of the maximum and minimum values of local strains, and their 
corresponding locations on the laminate traction free surface. However, there are few 
publications [2-4] that have studied the effect of adjacent layers in the laminate on the 
local strain behavior. In addition, the studies mentioned above suggested that the 
surface strain field is a representative strain filed for all layers which may not be a 
reliable assumption. As adjacent layers try to suppress the yarn undulation effects of 
the laminate inner layers, they cause the local strain profile / gradient inside the 
laminate to vary considerably compared to the surface layers [5, 6]. Moreover, it is 
important to understand the maximum and minimum strain locations due to the fact 
that these locations indicate the probable damage initiation zones [3, 7, 8].  
 
In the above drawn guidelines, in order to quantify the local strains on the surface as 
well as the laminate inner layers, the following experimental approach is employed 
during the tensile test of the composite specimen: a) the local strain on the composite 
surface is quantified using the digital image correlation technique (LIMESS) together 
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with surface mounted fibre optic sensors (FBG – Fibre Brag Grating); b) embedded 
fibre optic sensors were used to obtain the maximum and minimum local longitudinal 
strain values inside the laminate. Using full-field strain measurements, the local strain 
profiles were evaluated on the composite surface both qualitatively and quantitatively. 
Moreover, surface mounted FBGs provided the quantitative local strain values. For the 
quantification of local strains inside the laminate, the only possible experimental 
technique of fibre optic sensors is employed. Based on the comparison of the local 
strain values at different locations that were obtained using various experimental 
techniques, an attempt was made to understand the “shadowing” effects on the local 
strain behavior caused by the interaction of differently placed plies. Moreover, the 
large amount of available experimental data helps in the development of an accurate 
unit cell computational model for evaluating the local strain profiles using meso-FE 
simulations. In order to understand the influence of ply position on the damage 
initiation, along with the acoustic emission, microscopic analysis is performed on the 
polished edges of the composite specimen. 
2. The mechanical testing procedure and the material used 
 
Tensile tests on the composite specimens were performed using a standard Instron 
machine (Instron 4505, test speed 1 mm/min). Composite samples used for the tensile 
tests were prepared according to the ASTM standard (width 25mm, gauge length 
170mm, thickness 2.5 mm), with the end tabs of the same material (Carbon-PPS). The 
local strains during the tension test on the composite surface are measured using the 
digital image correlation technique (LIMESS). In addition, the local strains inside the 
laminate were measured using Fibre Optic Sensors [9]. In order to monitor the damage 
initiation stress, and different levels of the damage progression, Acoustic Emission 
(AE) measurement and data acquisition system VALLEN were used. Along with the 
AE, to detect the sequence of damage events starting from the damage initiation till 
the final failure of the composite, microscopic analysis of the composite specimen was 
performed [10]. 
 
The material under study is a thermo-plastic 5-harness satin weave composite 
(CD0286 supplied by ‘Ten Cate’), which has T300 JB carbon fibres as a 
reinforcement and PPS as a matrix. The composite laminate is manufactured using the 
press forming technique, which has eight layers of satin weave fabric with 50:50 
weight ratios in the warp and weft directions [10]. 
 
3. Results & discussion 
 
3.1. Influence of the internal yarn nesting (shifting) on the local strain behavior 
 
Figure 1a shows the local strain contours on the surface of a satin weave composite 
under static tension. Moreover, from the Figure 1a it is evident that the maximum 
strain concentration occurs in a periodic manner at an angle of  on the 
perpendicular weft yarn at the yarn crimp location. Figure 1b shows the typical 
longitudinal (x-direction) local strain profiles and their evolution on the composite 
surface at <0.5%> and <1.19%> global tensile strains respectively. By plotting the 
longitudinal local strain profiles at various locations on the composite surface over the 
ο6.26
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length of one unit cell (7.42 mm) starting from one yarn crimp location to another in 
the load direction (marked locations in Figure 1a), the maximum local strain of 1.49% 
is observed at the centre of the weft yarn at yarn crimp location for the applied 
<1.19%> average strain. The entire local longitudinal strain distribution on the 
composite surface (Figure 1b) can be categorized into three major parts: 
 
a) 
 
 
b) 
 
 
1 2 3
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y 
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Figure 1. a) Evolution of the local strain profile from <0.5%> to <1.19%> and the 
corresponding locations on the laminate cross section. 
 
 
• Maximum local longitudinal strain (1.3 – 1.49%) on the composite surface 
occurred at the centre of the weft yarn at the crimp locations. 
• Minimum local longitudinal strain (1.0 – 1.15%) in the entire surface strain 
field is observed in the matrix pockets at the geometrical transition location 
between the load carrying warp yarn and the perpendicular weft yarn as 
marked in Figure 1b. 
• Finally, the third phase of the local longitudinal strain is detected at the flat 
position of the load carrying warp yarn, which varies (1.15 – 1.25%) in the 
close limits of the applied average tensile strain to the composite (<1.19%>).  
 
The current section is extended to the comparison of the local strains at various 
laminate positions of the composite. In order to avoid the complexities posed by the 
damage initiation and propagation on the strain measuring capabilities of the optical 
fibre, comparison of the local strain values obtained from the DIC and the FBG on the 
composite surface is accomplished at the global tensile strain of < % > in 
the load carrying warp direction, which shows very good correlation (Table 1). 
Moreover, the local strain values measured using FBG sensors at different locations of 
the laminate show that the maximum and minimum local strain value in the laminate 
inner layers is almost equal to the surface local strain at the same applied average 
strain. Moreover, in the composite inner layers the local strain values were registered 
in the elastic range till <0.2%> global tensile strain. The maximum and minimum 
local strains were approximately 0.25 and 0.16% respectively. 
01.05.0 ±
 
 
Table 1. Comparison of the local strain values - experiment vs. numerical simulations 
Global strain % )01.05.0( ± strain, % (at the 
yarn crimp) 
strain,%(flat yarn 
location) 
strain,% (in the 
matrix blocks) 
 LIMESS 0.58-0.62 0.48-0.52 0.43-0.46 
FBG’s -surface 0.56-0.57 -NA- 0.42-0.45 
FBG’s –inside 0.54-0.55 -NA- 0.42-0.44 
Global strain % )01.02.0( ± Maximum strain, % Average strain,% Minimum strain,% 
FBG’s –inside 0.25 -NA- 0.16 
 
 
Comparison of the local strain values obtained from different experimental techniques 
at different laminate positions lead to the conclusion that there is hardly any effect of 
the internal yarn nesting on the local longitudinal strain. 
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3.2. Influence of the internal yarn nesting (shifting) on the local damage behavior 
 
In order to detect the damage initiation stress during the tensile test of the composite 
specimen, acoustic emission (AE) technique is used. To obtain critical strains for the 
damage analysis, the stress versus strain curve is plotted together with the strain versus 
acoustic energy as shown in Figure 2. 
 
 
 
Figure 2.  Stress vs. strain and strain vs. AE registration curve 
 
 
The first phase of the AE data (Figure 2) is associated with the occurrence of low 
energy events starting at the global tensile strain around 0.14% in the warp yarn 
direction (corresponding to approximately 80 MPa stress), which is designated as the 
damage initiation strain minε [11]. In the second phase ( minε to 1ε  - 0.14 to 0.3%), the 
rise in the slope of the AE curve is very small, and this phase is related to the 
occurrence of sporadic cracks which were associated with a low energy release. In the 
next phase of the AE curve ( 1ε to 2ε - 0.3 to 0.4 %), the slope increases rapidly with the 
occurrence of low and middle energy acoustic events. The final part of the AE curve 
(after 2ε ) is associated with the continuous events with the high energy release, 
indicating the critical crack propagation and eventually catastrophic failure of the 
composite. Moreover, Figure 2 indicate that the energy release rate from the specimen 
under tension increases at particular stress levels, which indicates that the damage in 
the satin weave composite occurs in a sequential manner. 
 
Using AE data, damage initiation strain as well as the different stages of the critical 
strains over the stress-strain curves are obtained. In order to visualize the damage 
locations and the sequence of the damage events occurred along the load process, 
microscopic analysis is accomplished on the polished edges of the composite laminate. 
During the load process of the composite, initial damage is detected at around the 
100MPa stress level on the polished edges of the composite. At these low stress levels, 
damage occurs at the edges of the weft yarn inside the laminate, in the region where 
there is no contact between the load carrying warp yarn and the perpendicular weft 
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yarn (Figure 3a). By increasing the stress level from 100 to 400 MPa in three steps, the 
damage is observed at the nested yarn configurations at various locations in the 
laminate. Moreover, the number of cracks between these stress levels can be compared 
to the event count obtained from AE. By increasing the stress from 400 to 500 MPa, 
the next new damage location is observed on the surface of the laminate (Figure 3b).  
a) 
 
 
b) 
 
 
Damage location 3-1 (Surface yarn) top view  
Damage location 3-1(Surface yarn) side view 
Figure 3 Microscopic sequential damage analysis: a) laminate at100MPa tensile stress; b) 
tensile stress between 400 – 500 MPa. 
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In correlation with the maximum strain locations observed from the DIC (Figure 1), 
80% of the microscopic images on the surface (top and bottom) of the laminate show 
the occurrence of intra-yarn damage at the centre of the weft yarn. At this stress level 
(400-500 MPa); along with the damage on the surface layers, the crack density in the 
nested yarns inside the laminate is increased at various locations. Finally, between the 
stress levels of 500-680MPa, the next damage is observed at the edges of the weft 
yarn, where it is tightly packed by load carrying warp yarns. Any further loading 
causes the catastrophic failure of the composite specimen. From the above discussed 
sequential damage analysis, it can be observed that the local fabric geometry of which 
the local bending is restricted tends to show the initial damage. In contrast, the yarn 
crimps on the surface layers are relatively more free to deform in the out-of-plane 
direction, which causes the damage on the surface weft yarns at later stages of the 
loading.  
 
 
3.3. Influence of the internal yarn nesting on the local stress distribution – Meso – 
FE modeling 
 
As observed in the cumulative AE energy curve (Figure 2) and the microscopic 
damage analysis (Figure 3), weft yarn damage in the plies of a satin weave composite 
is a sequential process. However, experimental local strain analysis concludes that 
there is no influence of the internal yarn nesting on the local longitudinal strain. In 
order to investigate the stress component causing the sequential damage in the satin 
weave composite, meso –FE analysis is conducted. To study the influence of the 
internal yarn shifting on the local stress, different unit cell models with appropriate 
boundary conditions are used. Initially, meso –FE analysis is conducted using the well 
established numerical procedure i.e., single unit cell with infinite laminate boundary 
conditions [12]. In addition, FE analysis is accomplished using a 4 unit cells 
symmetric stack with the in-plane PBC [9].  
 
Figure 4a compares the longitudinal local stress data between the single unit cell with 
infinite laminate conditions to the unit cell stack. In correlation with the local 
longitudinal strain data, there is hardly any influence of the internal yarn shifting on 
the local longitudinal stress. However, at the applied average strain of <0.5%> there is 
a difference of 23% local transverse stress between the infinite laminate yarn crimp 
location compared to the yarn crimp of the unit cell stack (finite laminate) (Figure 4b). 
 
4. Conclusion 
 
In order to understand the effect of ply stacking on the local structural response under 
the uni-axial tensile load, comprehensive experimental and numerical analysis is 
conducted on a thermo plastic carbon-PPS 5-harness satin weave composite. Analysis 
of the experimental and numerical data leads to the following conclusions: 
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a) 
 
b) 
 
Figure 4 Local stress analysis between the yarn crimp locations at <0.5%> average tensile 
strain: a) Local longitudinal stress; b) Local transverse stress. 
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• Internal yarn nesting (shifting) does not show any influence on the local 
longitudinal strain. 
 
• Experimental AE and the subsequent microscopic analysis conclude that the 
weft yarn (perpendicular to the load direction) damage is sensitive to the ply 
position in the laminate. 
 
• Numerical local stress analysis on different unit cell models confirm that the 
weft yarn local transverse stress changes according to the ply position in the 
laminate, and causes the sequential damage in the satin weave composite 
during the uni-axial tensile test.  
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